One of the most important factors influencing the foraging of animals is predation risk. As a result, animals do not utilize landscapes uniformly. Vervet monkeys (Chlorocebus aethiops) use both arboreal and terrestrial habitats, and thus forage across a 3-dimensional landscape. To explore how both aerial and terrestrial predators influenced small-scale foraging patterns, we measured giving-up densities (GUDs) in artificial food patches across a woodland-grassland interface. Patch transects ran vertically through trees, and horizontally into open grasslands. As vervets move up trees to avoid terrestrial predators and down out of the canopies to avoid aerial predators, we predicted that there would be a safe zone with higher patch use extending from just below the canopy to the base of the tree. Lower GUDs in this area showed this to be the case. Another factor that influenced patch use was group size. The different sized groups displayed a similar overall pattern of patch selection (i.e., they all fed more in specific patches). However, larger groups fed more intensively in all patches. As a result, larger groups achieved lower GUDs in all patches compared to the smaller groups both vertically and horizontally. Possible explanations include differences in predator abundance between the locations of the groups, group benefits lowering predation risk, competition forcing individuals to feed in less safe patches, or a combination of these factors. Ultimately, our results indicate that predation risk from both aerial and terrestrial predators shapes the vervets' 3-dimensional landscape of fear.
predation risk increased in grasslands, zebras moved into and utilized the safer woodlands. Van der Merwe and Brown (2008) , however, found that for Cape ground squirrels (Xerus inauris), perceived predation risk was lower in open areas compared to more densely vegetated areas. They suggested that the vegetated areas limited predator detection and thus likely allowed predators to ambush the ground squirrels. In another study, Shrader et al. (2008a) found that the feeding effort of free-ranging goats (Capra hircus) declined across the landscape when perceived predation risk was increased by adding predator dung and urine to a number of different habitats.
To date, such predator-prey studies have largely focused on prey species that utilize 2-dimensional horizontal habitats. These species predominately forage on the ground (e.g., rodents and large herbivores- Altendorf et al. 2001; Hughes et al. 1995; Kotler et al. 2001) . However, some species move through a 3-dimensional world and forage both on and above the ground. Examples include primates (Emerson et al. 2011; Stanford 2002) , birds (Carrascal and Alonso 2006) , and fish (Holbrook and Schmitt 1988) . Primates faced with terrestrial predators can reduce predation risk by moving up into trees and thus increasing their height above ground (Boesch 1994; de Ruiter 1986; Wright 1998) . In contrast, for aerial predators they can move out of the tops of trees and decrease their height above ground (Boinski et al. 2000; Wright 1998 ).
The vervet monkey (Chlorocebus aethiops) is a widely distributed African cercopithecine that displays a particularly complex 3-dimensional lifestyle. Unlike the closely related, but largely arboreal guenons (Cercopithecus), vervets spend an equal amount of time on the ground and in trees (Cheney and Seyfarth 1990) . As a result, they are preyed upon by a wide range of both terrestrial and avian predators (Isbell 1994; Willems and Hill 2009) . These include crowned eagles (Stephanoaetus coronatus), caracals (Caracal caracal), blackbacked jackals (Canis mesomelas), baboons (Papio ursinus- Enstam and Isbell 2002) , and rock pythons (Python sebae- Cheney and Seyfarth 1990) .
Because vervets are preyed upon in both horizontal and vertical space, neither dimension is completely safe. This is evident in their vocal and behavioral responses to different predators. Vervets have specific alarm calls for different types of predators and individuals react to these calls in specific ways (Seyfarth et al. 1980) . For example, in response to the call for terrestrial predators such as leopards (Panthera pardus), vervets run up into trees, but when the call for aerial predators (e.g., eagles) is given, vervets move under canopy cover and look up. Finally, in response to snake calls, vervets move up into trees and look down from the canopy (Seyfarth et al. 1980) . Willems and Hill (2009) investigated how vervet monkeys utilized different habitats within their home ranges. These habitats varied with regard to predation risk and the distribution of resources. Across the landscape, the main drivers of the vervets' large-scale range-use patterns were the fear of baboons and leopards coupled with distance to water and sleeping trees. Surprisingly, the vervets' fear of aerial predators and snakes did not influence range use. Willems and Hill (2009) suggested that the lack of impact of aerial predators on the vervets' use of horizontal space was likely the result of these predators being able to easily travel over and monitor a broad range of habitat types, coupled with their unpredictable use of space. As a result, they suggested that vervets likely adjusted vertical space use (i.e., movement up and down trees) to reduce predation risk from aerial predators rather than change their use of horizontal space. Willems and Hill (2009) , however, did not directly test this.
To better understand how small-scale perceptions of predation risk affect vervet monkeys, we focused our study on their foraging in both vertical and horizontal space. We did this by collecting giving-up densities (GUDs) from artificial patches that ran from the top of trees down the trunk to the ground and then out away from the base of these trees into an open grassland. In line with previous studies, we predicted that in response to terrestrial predators vervets would feel safer and thus feed more intensively at the bases and up into the canopy of trees. In contrast, in response to aerial predation risk they would likely feed less intensively in the tree tops and more intensively under the tree canopy. If this was the case, then we can predict that there should be in an overlap of potential safety zones that spans from the base of the tree up to the middle of the canopy. As a result, we expected that the vervets would have a lower perceived predation risk within this safety zone or refuge and thus feed more intensively from these patches. Furthermore, we expected that feeding intensity would decrease with distance away from the tree line because this increased the vervets' exposure to both terrestrial and aerial predators.
MATERIALS AND METHODS
Study site.-We conducted the study using 3 vervet monkey groups located at 2 separate sites around Pietermaritzburg, South Africa. The 1st group (group A, n 5 20) was located at Boulderhill Farm (29u41.769S, 30u26.369E), and the other 2 groups (group B, n 5 14; group C, n 5 10) ranged within Bisley Nature Reserve (29u39.499S, 30u23.669E). The home ranges of the 2 Bisley groups did not overlap and thus we treated them as separate samples. Both Boulderhill and Bisley are classified as subarid thorn bushveld, which comprises undulating savanna grasslands interspersed with pockets of Acacia trees (Mucina and Rutherford 2006) . For all 3 groups, aerial predators were limited to crowned eagles, which were seen flying over both study sites. Potential terrestrial predators included python, caracal, black-backed jackals, and domestic dogs (Canis lupus familiaris).
Experimental design.-Because animals are less likely to feed in dangerous areas (Laundré et al. 2001; van der Merwe and Brown 2008) , one way to assess perceived predation risk is through determination of patch use (Brown 1988 (Brown , 1999 Kotler et al. 1991; Shrader et al. 2008a) . To assess the perceived predation risk of the vervets, we collected GUDs using artificial patches over 25 days during June and July of April 2012 2010. A GUD is the density of food remaining in a patch once a forager has stopped utilizing it (Brown 1988 (Brown , 1992 . As a result, it reflects the foraging costs of the patch. Ultimately, an animal should feed in a patch until its harvest rate (H) no longer compensates for the metabolic (C), predation (P), and missed opportunity costs (MOC) of feeding in that patch (i.e., H 5 C + P + MOC [Brown 1988]) . Because harvest rate is a direct function of food density, we are able to utilize GUDs as an index of an animal's quitting harvest rate (Schmidt et al. 1998) .
We constructed our artificial patches using 5-liter white plastic buckets with tight-fitting lids. In the center of each lid, we cut a 60-mm-diameter hole to allow the monkeys to put their hands in and access the food within the patch. Each patch contained 100 g of shelled unsalted peanuts that was poured over a matrix of 30 round wooden disks. These disks were 1 cm thick with a diameter of 75-100 mm, and thus could not be removed from the buckets. We included the matrix of disks to provide diminishing returns for the vervets feeding in the patches.
Because all the patches were set up identically, we could directly compare the GUDs across the vertical and horizontal landscapes (Kotler et al. 1994; Schmidt 2000) . This then allowed us to determine how perceived predation risk in both of these dimensions affected feeding effort. Because the animals should feed more intensively in areas where they feel safe (Brown 1988 (Brown , 1992 , lower GUDs reflect greater preference for an area over areas with higher GUDs.
To determine differences in perceived predation risk between terrestrial and arboreal habitats, we ran transects down from within trees on the edge of woodlands out into open grasslands. The trees used were between 6 and 8 m in height. For each of the 3 groups, we set up 3 transects originating from different trees separated by a minimum of 20 m. We used 7 GUD patches along each transect, giving us a total of 21 patches per site. To measure vertical predation risk, we placed 3 of these patches within each tree, 1 at the top of the canopy, 1 in the main fork of the trunk just below the canopy, and 1 on the main trunk between 1 and 2 m from the ground. Patches were separated by 2-3 m depending on tree height. To measure horizontal predation risk, we placed 4 GUD patches on the ground, leading away from each tree. We set these patches at intervals of 0, 5, 15, and 30 m from the trees. Canopy cover varied between 3 and 5 m and was .5 m only once, thus the patch at the base of the tree (0 m) was the only patch that was consistently under the tree canopies. To prevent the monkeys from moving the patches, we either fastened them to the trees with wire or to 60-cm-long metal stakes hammered into the ground.
Prior to collecting data, we habituated the monkeys to the artificial GUD patches by setting out open buckets filled with approximately 300 g of peanuts. After 2 weeks of the monkeys foraging from the buckets, we put the lids on and reduced the amount of peanuts to 100 g in each patch. Finally, once the groups had become accustomed to the closed GUD patches, we added the matrix of wooden disks. Data collection only occurred 2 weeks after the groups had become fully habituated to the complete GUD patches.
To collect GUDs, we provisioned the artificial patches at each site with 100 g of peanuts between 1500 h and 1600 h each afternoon. We then left the patches out for approximately 24 h. This ensured that the patches were available to the vervets between 0600 h and 1400 h, which is when they primarily forage (Cheney and Seyfarth 1990) . The next day, we removed the remaining peanuts left in the patches so that they could be weighed and the GUDs determined. Before leaving, we refilled the patches with 100 g of peanuts. We repeated this procedure for 25 consecutive days. The study was consistent with guidelines of the American Society of Mammalogists (Sikes et al. 2011 ) and the University of KwaZulu-Natal animal ethic protocols. The University of KwaZulu-Natal animal ethics committee gave the study the permit number 020/08/Animal.
Statistical analysis.-We used a partially hierarchical analysis of variance to determine variation in GUDs because both nested and crossed factors were included in the analysis. Independent variables included groups (A, B, and C), transects (1-9), and artificial patches (1-7). The interactions between patch and group, and transect nested within group also were compared. We included day as a random effect because we wanted to control for the variance in the GUDs explained by day. We nested transect within group to determine if there were differences in the way the 3 groups utilized the transects within the different sites. Within the model, we used the restricted maximum-likelihood method to estimate the covariance components. We used a Tukey's honestly significant difference post hoc test to determine how the combined GUDs from the different groups varied between the patches across the transects. Prior to the analysis, we normalized the data using a cube root transformation. Sample size was large (n 5 1,429 GUD patches) because we collected the GUDs over 25 days from the 3 different sites. In some cases, the vervets destroyed the patches (i.e., chewed through the plastic buckets) and thus we discarded these data from the analysis. The data were analyzed using SYSTAT 13 (Systat Software Inc., Chicago, Illinois).
RESULTS
We found that perceived predation risk significantly affected the foraging effort (i.e., mean GUDs) of the vervet monkeys. Foraging effort varied significantly between patches (Table 1; Fig. 1 ), groups (Table 1; Fig. 2) , and for the interaction between patches and groups (Table 1 ). Despite differences in group size, the results from transect nested within group indicated that the use of the different transects by the 3 groups did not differ (Table 1) .
The vervets utilized the patches within and away from the trees differently (Fig. 1) . Within the trees, we found that their foraging effort was lowest (i.e., had the highest GUD) at the top of the canopy (patch 1; X GUD 5 46 g, SE 5 2.8 g). Farther down the trees, vervets increased their foraging effort and lowered their GUDs by 41% to where they foraged most intensively in the middle of the tree under the canopy (patch 2; X GUD 5 27 g, SE 5 2.4 g; Fig. 1 ). In the patch closest to the ground, the vervets' foraging effort decreased and GUDs increased by 25%. As a result, the vervets fed at similar intensities in the patch 2 m from the ground (patch 3) and the one at the base of a tree (patch 4; X GUDs 5 36 g, SE 5 2.7 g and 34 g, SE 5 2.9 g, respectively; Fig. 1) .
As the vervets foraged further away from trees and into the grassland, their foraging intensity declined and GUDs were larger (Fig. 1) . This resulted in the vervets feeding most intensively in patch 4 (X GUD 5 34 g, SE 5 2.9 g), which was located at the base of the tree. In contrast, their lowest foraging effort (highest GUDs) was in patches 30 m away from the trees (patch 7; X GUD 5 67 g, SE 5 2.3 g). This amounted to a 49% decline in feeding effort from the base of the tree out to the farthest patch. When we compared the foraging effort of the vervets in the tree and grassland patches, we found that their foraging effort at the top of the canopy (patch 1) was similar to that in patches 5 m (patch 5; P 5 0.99) and 15 m (patch 6; P 5 0.25) into the grassland (Fig. 1) .
In addition to patch location, we found that group size also influenced feeding intensity. As group size increased, GUDs declined, with the smallest group (i.e., group C; n 5 10 individuals) having higher mean GUDs (X GUD 5 71 g, SE 5 1 g) than either the intermediate (group B; X GUD 5 43 g, SE 5 1 g, n 5 14 individuals) or largest group (group A; X GUD 5 18 g, SE 5 1 g, n 5 20 individuals). The overall pattern of patch use was similar for all 3 groups (Fig. 2) , but larger groups fed more intensively (i.e., achieved lower GUDs) in each of the different patches. One interesting deviation from the overall pattern was that the largest group (group A) achieved their lowest mean GUDs in patches 2, 3, and 4, and that these GUDs did not differ significantly (X GUDs 5 8 g, 10 g, and 8 g, respectively, SE 5 1, P . 0.05; Fig. 2 ).
DISCUSSION
The results of our study indicate that vervet monkeys do not forage uniformly across their 3-dimensional landscape. Instead, they feed more intensively in areas that we predicted would be safe from both terrestrial and aerial predators. The safety zone for vervets in which they fed intensively starts just below the tree canopy and extends down to the ground at the base of the tree. Vertically, perceived predation risk was greatest at the top of the tree canopy (i.e., highest GUDs), and lowest just below the canopy (i.e., lowest GUDs). Horizontally, perceived predation risk increased and thus feeding effort decreased as vervets fed farther away from the tree line. Similar patterns of patch selection were found for all 3 groups, but larger groups fed more intensively and achieved lower GUDs. Because neither the vertical or horizontal landscapes were found to be completely safe, our results suggest that predation risks from both aerial and terrestrial predators shape the vervets' 3-dimensional landscape of fear.
We predicted that the combination of moving up trees to avoid terrestrial predators and down from the canopy to avoid aerial predators would result in a safety zone (or refuge) that extended from just under the tree canopy down to the base of -Results of a partially hierarchical analysis of variance used to test for variation in vervet monkey giving-up densities. The variables compared included group (A, B, and C), patch (1-7), the interaction between patch and group, and transect (1-3) nested within group. Day was included as a random factor. Covariance components were generated using the restricted maximum-likelihood method. the tree. Our results support this. Enstam and Isbell (2002) , however, suggested that in addition to areas off the ground, refuges for vervets extended horizontally from around the base of the tree out a few meters beyond the cover of the tree canopy. Our findings indicate that although the vervets fed 30 m out into the grasslands, feeding intensity declined with distance from the trees, suggesting that the perceived safety zone does not extend far from the base of the tree. The exception to this was with the largest group (n 5 20), whose feeding intensity was less affected by distance. We discuss the implications of group size below. Emerson et al. (2011) found that for Sykes' monkeys (Cercopithecus albogularis erythrarchus) perceived predation risk declined with increased height above ground. This is surprising because in arboreal primates, increased height in the tree canopy is generally associated with greater predation risk from aerial predators (Struhsaker and Leakey 1990) . Our results suggest that perceived predation risk was greatest for vervets at the tops of trees, and lowest just below the canopy. This coincides with the findings of previous studies on vervets that showed that they were at greater risk when feeding at the tops of tree canopies (Isbell 1994) . The apparent decreases in perceived predation risk of the Sykes' monkeys with increasing height above ground may be due to the location of artificial food patches used by Emerson et al. (2011) . In their study, they did not place patches at the top of the trees. As a result, the canopy above the highest patch may have provided some degree of protection from aerial predators (Emerson et al. 2011) . If this is the case, then it is likely that Sykes' monkeys have a similar vertical landscape of fear to the one we recorded for the vervets.
Not surprisingly, our results suggest that woodlands are safer than open grasslands for vervet monkeys, because vervets are able to escape both terrestrial and aerial predators by moving vertically within trees. This is consistent with the findings of Enstam and Isbell (2002) that in habitats with tall trees and a continuous canopy cover, vervets could escape terrestrial predators by climbing vertically up the trees. In addition, by sitting high in trees vervets also may reduce predation risk by increasing their chances of spotting predators (Enstam and Isbell 2004) . In contrast, when trees were low and the canopy patchy, vervets had to escape predators by running along the ground (Enstam and Isbell 2002) . Although vervets may be able to outrun terrestrial predators, they are unlikely to be able to out run faster-moving agile aerial predators. Thus, changes in vertical space are likely the most important means of escaping predators for primates. For example, Willems and Hill (2009) found that predation risk to vervets from aerial predators did not vary among habitats (e.g., thicket, grasslands, or tall forest), but rather was more evenly distributed across the landscape. This resulted in the vervets having a more homogeneous landscape of fear for aerial predators. As a result, Willems and Hill (2009) suggested that vervets relied on vertical movements to reduce predation risk. Although we agree with this, the results of our study suggest that at a smaller scale vervets adjust both their vertical and horizontal space use as a way of limiting predation risk from a combination of both aerial and terrestrial predators.
In addition to significant differences in perceived predation risk across both horizontal and vertical landscapes, we found that larger groups achieved lower GUDs across all the artificial patch locations. One explanation for this could simply be differences between the locations where the 3 groups lived (e.g., predator abundance). However, the vervet groups in our study were relatively close to each other and the habitats were similar in the 3 locations. Thus, we believe that predator abundance was unlikely to differ between the groups. Having said that, one way to test if location differences played a role would be to increase the sample size and thus incorporate a number of troops of different sizes and see if patch use still increases with increasing group size.
A 2nd explanation could be that the reduction in perceived predation risk was linked to the benefits of increasing group size. This could be through increased vigilance (i.e., more eyes scanning for predators) (Lima 1990) , greater dilution (Terherne and Foster 1982) , and a decrease in individual domains of danger (i.e., the selfish herd -Hamilton 1971) . This reduction of predation risk with increasing group size could have allowed individuals to spend more time foraging in risky areas (Ale and Brown 2007; Lima 1995) . For example, Isbell and Young (1993) found that large groups of vervet monkeys had higher levels of overall vigilance compared to small groups. In addition, members of these larger groups had lower levels of individual vigilance. The combination of these factors resulted in the larger groups being less susceptible to predation and allowed individuals within these groups to obtain larger intake rates compared to those individuals living in smaller groups.
The reduction of predation risk due to the presence of conspecifics may allow individuals to spend more time foraging and thus feed more intensively in dangerous areas. For example, van Schaik et al. (1983) found that compared to smaller groups, large groups of long-tailed macaques (Macaca fascicularis) spent more time low in the canopy where they were at greater risk from terrestrial predators. In a study of baboons living in a desert environment, Cowlishaw (1997) found that small groups of baboons spent most of their time close to refuges (e.g., trees and cliff faces). However, as group size increased, groups foraged farther away from these refuges. In our study, larger vervet groups fed more intensively and achieved lower GUDs in areas with greater apparent predation risk compared to smaller groups. This was true in both the vertical and horizontal landscapes. It is likely that the extended safety zone (as defined by increased feeding effort and low GUDs) of the largest group, which extended from just under the canopy to the ground at the base of the tree, was the result of group-related reductions in perceived predation risk.
A 3rd explanation to account for the greater feeding intensity with increased group size may be the result of increased competition for food (Krause and Ruxton 2002; Shrader et al. 2008b ). As food availability declines in safe areas, or is dominated by a few individuals, lower-ranking individuals may be forced to feed in peripheral areas with intrinsically greater predation risk to obtain an adequate intake (Janson 1990; van Noordwijk and van Schaik 1987) . In our study, it could be that as group size increased the safe patches could not sustain all of the group members and thus some individuals had to feed in less safe patches to obtain food. The effects of reduced predation risk and increased intragroup feeding competition are not mutually exclusive, and the patterns we recorded could be a result of a combination of both.
In conclusion, both aerial and terrestrial predators affected the vertical and horizontal foraging behavior of vervet monkeys. Thus, both sets of predators help shape the 3-dimensional landscape of fear of vervet monkeys. The overall shape of these landscapes was similar for the different groups, suggesting that the general landscape of fear pattern we recorded can be applied to other vervet groups outside of our study. In our study, the use of GUDs provided us with quantifiable data with regard to how primates utilize their 3-dimensional world, and thus we agree with Emerson et al. (2011) in that the use of experimental food patches can provide key insights into how primates utilize both horizontal and vertical space.
